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1. Introduction 


A previous memorandum [Hedin et al. , 1993] describes the local time 
average portion of the HWM93 (Horizontal Wind Model) based on a diverse 
set of incoherent scatter radar, MF radar, meteor radar, rocket sonde, 
rocket grenade, falling sphere, and gradient wind data. The recently 
published CIRA 1986 (CIRA-86) model containing monthly tabulations of 
zonal mean wind from 0 to 120 km [Fleming et al., 1990] was a key 
element which provided the basis for wind profiles throughout the lower 
atmosphere. The CIRA-86 tabulations, however, did not address tidal 
components. 

The HWM93 model is the successor of the HWM90 analytic empirical 
model [Hedin et al. , 1991] for winds above 100 km based on data from 
satellites and ground based Incoherent scatter radar and Fabry-Perot 
optical interferometers. The HWM90 model used a limited set of vector 
spherical harmonics to describe spatial and temporal variations in the 
exosphere and at selected altitude nodes with cubic spline interpolation 
between nodes down to 100 km. The formulation of this wind model is 
analogous to the MSIS-86 [Hedin, 1987] and MSISE-90 [Hedin, 1991] 
density and temperature models and allows the user to obtain atmospheric 
parameters at an arbitrary location and time. 

It is the goal of the HWM93 model described herein to extend the 
formulation of the HWM90 model into the mesosphere and to the surface so 
as to provide a description of the average (climatological) wind system 
throughout the atmosphere and tidal (local time) variations in the 
stratosphere and mesosphere. The tidal portion of the model is based 
on selected historical rocket data, meteor radar and MF radar data, and 
lower thermosphere incoherent scatter data previously used for HWM90. 

The new model thus represents a compromise between data sources in the 
upper stratosphere, mesosphere, and lower thermosphere. Model results 
and data comparisons are given with emphasis on the mesosphere and lower 
thermosphere and include also theoretical semidiurnal winds calculated 
from Forbes and Vial [1989]. The HWM90 model parameters were changed at 
100 km to provide a smoother transition into the mesosphere but 
otherwise remain unchanged in the thermosphere. 

2 . Data Sources 

The data used to generate this model were derived from published 
tabulations, figures, and original data bases as summarized in Table 1. 
The number and diversity of data sources is greatest in the mesosphere 
and lower thermosphere consistent with availability and the emphasis of 
this paper . 

In the mesosphere and lower thermosphere the techniques and sources 
represented include incoherent scatter radar, MF radar, meteor radar, 
falling spheres, and rocket grenade soundings. These were 
supplemented by datasondes in the upper stratosphere and lower 
mesosphere from the Meteorological Rocket Network (MRN) . 

Rooketsonde data from the Meteorological Rocket Network were 
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obtained from the NASA/Wallops database, which is similar to the World 
Data Center format available from the National Climate Data Center at 
Asheville, NC. The data cover the time period from 1969 to 1991 and 
were separated into falling sphere data [Schmidlin, 1985], which make 
useful measurements to nearly 100 km, and parachute/datasonde 
measurements which were limited to 75 km. The MRN 
concentrated on taking data near local noon, but data are available 
for all parts of the day for most stations. For each station, the 
data at two kilometer intervals were separated into two hour local 
time groups. Monthly averages, determined by summing over all 
available years, were formed separately for the twelve local time 
groups. These averages, which provide as equitable a local time 
coverage as possible, were used as the rocketsonde input to the model 
and data comparisons. 

The less frequent rocket grenade data (1960-1972) were not part of 
the rocketsonde data set and were not averaged. The MF and Meteor radar 
data were generally provided as monthly averages. 

3. Model Formulation 

The HWM93 model is an extension of the HWM87 and HWM90 models [Hedin 
et al. , 1988; 1991] summarizing wind measurements in the thermosphere. 
Latitude and local time variations in the horizontal wind vector are 
represented by an expansion in vector spherical harmonics [Morse and 
Feshbach, 1953] with each expansion coefficient represented by a Fourier 
series in day of year for annual and semiannual variations. The 
expansion involves two orthogonal vector fields, the divergence B field 
and the rotational C field. Due to lack of data coverage, tidal 
components are independent of longitude. Solar activity and magnetic 
activity variations are not included below 100 km. Hemispheric 
differences are represented only by the lowest order asymmetric harmonic 
because of the limited and uneven data coverage between hemispheres. 

This report will treat only tidal variations, although tidal and 
non-tidal variations were fit in an iterative fashion to produce as 
self-consistent an overall model as possible, and tidal variations were 
limited to above approximately 45 km. No longitude dependence of the 
tides was considered (apart from local time), given the lack of data 
coverage . 

Below 100 km the wind profiles are represented by a cubic spline, 
defined by cubic polynomials between specified nodes with first and 
second derivatives continuous across interior nodes. The nodes were 
Chosen to be at 100, 90, 82.5, 75, 67.5, 60, 52.5, 45, 37.5, 30, 22.5, 
15, 7.5, and 0 km providing a convenient division into intervals of 
approximately one scale height. The wind magnitude and altitude 
gradient are matched at 100 km with the thermospheric values, and in 
addition the altitude gradient is specified (fit) at 100 km. 

The harmonic expansion at each altitude node is limited to low 
order terms as summarized in Tables 2a and 2b, thus smoothing the model 
output in space and time. The classification into symmetrical and 
asymmetrical is with respect to reflection about the equator with 
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symmetrical meaning the vector spherical harmonic term provides zonal 
winds which have the same direction either side of the equator while the 
meridional wind changes direction. The column value 'm' refers to the 
local time harmonic content (1 the first harmonic, etc.). The 'n' value 
is the latitude harmonic order and is always equal to or larger than 
'm' . If the n minus m value is even, then the B field term is symmetric and 
the C field term is asymmetric. The higher the order 'n' the greater 
the latitude variability that can be represented. Only low order terms 
were used because of the sparse and uneven latitudinal distribution of 
measurement stations and the limited time series available covering 
different time periods for different stations. In Table 2 a dash (-) 
means this term is not included for this node. 

The determination of the harmonic coefficients for the various 
nodes of the wind profile is accomplished by a least squares fit to 
selected subsets of the data. The node to node variations of the 
harmonic coefficients were smoothed by refitting with the sum of the 
squares of the differences between adjacent node coefficients 
(multiplied by a constant) added to the usual sums of squares of data 
minus model differences. The multiplicative (tension) constant was 
chosen so that the sums of squares of the data residuals Increased by 
no more than one percent. 

Root mean square deviations of the data from the model in different 
altitude regions are given in Tables 3a and 3b. The grenade and 
incoherent scatter data tend to have the largest average departures 
because they were not smoothed or based on monthly averages. Natural 
variability is also high in the upper mesosphere due to breaking gravity 
waves and lower thermosphere where electrodynamic effects are 
important . The differences between the model and rocket and incoherent 
scatter data also reflect possible mismodeling of the zonal average 
variations (model described in a separate report). 

4. Model Examples/Comparisons/Discussion 

4 . 1 Annual Average Diurnal Variations 

The annual average diurnal wind amplitudes and phases from the model 
are illustrated in Fig. 1. Amplitudes are weak in the stratosphere and 
lower mesosphere (a few meters per second), but reach a peak of tens of 
meters per second at low- to mid- latitudes in the upper mesosphere and 
lower thermosphere, where they dominate the semidiurnal tide. At high 
latitudes, amplitudes peak even more strongly between 110 and 120 km. 

The accuracy of the detailed latitude patterns near the equator in the 
mesosphere, particularly the meridional peak near 20N, and in southern 
latitudes in the lower thermosphere is uncertain because of the lack of 
data gathering stations. 

Further examples of model winds and comparisons with data are shown 
in Figs. 2 to 5. Here data have been selected for rather broad altitude 
or latitude intervals and the model wind plotted vs latitude or altitude 
for the midpoint of the selected intervals. The example model plot will 
represent the model prediction at the exact altitude or latitude of 
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individual measurements with a degree of faithfulness that depends on 
how rapidly the data and model vary with altitude, latitude, etc. The 
difference between the plotted points and the model line represents the 
average difference of each measurement , separated by source as specified 
in Table 1, from the model (calculated exactly for that location) and 
the error bars represent the one standard deviation scatter of this 
difference within the plot bin limits. There are two plots for each 
situation, separating data into two groups: rochet data (stratosphere 
and mesosphere) and incoherent scatter data (thermosphere); and meteor 
and MF radars (mesosphere and lower thermosphere). Individual data 
amplitudes will frequently tend to be larger than model amplitudes 
because varying or inconsistent phases between data points produces a 
cancellation effect during generation of the model. The model is based 
on fourier components and data to model differences were calculated with 
the fourier components and then the amplitudes and phases reconstructed. 

In the upper stratosphere and lower mesosphere tides are determined 
only by rocketsonde data which are sparse in the southern hemisphere and 
generally have incomplete local time coverage for individual months. 
Thus, the model does not include interhemispheric differences or 
seasonal variations below 75 km. While the scatter of the original 
measurements can be considerable (particularly at high latitudes) and 
measurements at different local times are usually from different days, 
diurnal variations are clearly present with rapid phase changes with 
height near the equator and little phase change with height below 100 km 
at higher latitudes. Amplitudes are not very reliable at high latitudes 
because of the large scatter in the original point measurements. The 
eastward wind maximizes about six hours later than the northward wind in 
the northern hemisphere and six hours earlier than the northward wind in 
the southern hemisphere. These features were previously seen in 
analysis of earlier data [Reed et al., 1969; Groves, 1980] and are 
broadly consistent with theory [Forbes, 1982], although theory tends to 
predict a higher contribution of propagating modes at midlatitudes, and 
thus more rapid phase changes with altitude, than observed. 

Rocket data becomes increasingly scattered in the upper mesosphere so 
that amplitudes are suspect, but phases generally blend smoothly with 
MF/Meteor radar data at their lower altitude limit . Model phases agree 
quite well with MF/Meteor data. The lowest latitude data (Townsville 
(20S) , Christmas Island (2N), and Punta Borinquen (18N)) suggest higher 
diurnal amplitudes in the upper mesosphere (Figs. 2e and 3e), but these 
data are from very limited time series and with Kyoto (35N) amplitudes 
generally being on the small side and Adelaide (35S) on the high side, 
it is difficult to fit all these stations without increasing the 
harmonic order considerably and introducing complex latitude and 
interhemispheric variations which may not be justified. All comparisons 
must be considered against the background of significant variability in 
both the diurnal and semidi lrnal tides (e.g. Fritts and Isler [1992]) 
and the fact that the stati Dns are not equivalent in their seasonal 
coverage or years of measui ement . 

In the lower thermosphere at high latitudes, the rapid change in 
diurnal phase above 100 km (Figs. 4f and 5f) with increasing amplitudes 
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into the thermosphere is reflected in both MF/Meteor data and IS data. 
However, at mid- to low- latitudes the lack of full daytime coverage by 
IS plus considerable differences between MF/Meteor radar stations makes 
the transition of the diurnal tide into the thermosphere poorly 
defined . 

A comparison of rocketsonde and IS radar winds as a function of local 
time with the HWM93 model (including both the diurnal, semidiurnal, and 
zonal average components) is shown in Fig. 6 for several altitude and 
latitude regions. The grenade data generally show the same trends as 
the rocketsonde data, although with greater scatter. Incoherent scatter 
radar data is frequently quite variable, particularly at high latitudes. 

4.2 Semidiurnal Variations 

The annual average semidiurnal wind amplitudes and phases from the 
model are illustrated in Fig. 7. Amplitudes are weak in the 
stratosphere and lower mesosphere (a few meters per second). However, 
amplitudes increase strongly to a peak of 40 to 60 m/s, and are dominant 
over the diurnal variation, in the lower thermosphere. The accuracy of 
the detailed latitude patterns near the equator in the mesosphere and in 
southern latitudes in the lower thermosphere is uncertain because of the 
lack of data gathering stations. Model and data comparison plots 
similar to those for diurnal variations are shown in Figs. 8 to 11 (see 
also Fig. 6 for local time plots). These figures also show the 
corresponding model prediction from the Forbes and Vial [1989] model 
(FV89) . 

In the upper stratosphere and lower mesosphere the same data 
limitations apply as for diurnal variations and the model does not 
include interhemlspheric differences or seasonal variations below 75 km. 
Semidiurnal variations are clearly present at low- to mid- latitudes 
with systematic phase variations with height . Amplitudes are again not 
very reliable at high latitudes because of the large scatter in the 
point measurements. 

Rocket data becomes increasingly scattered in the upper mesosphere so 
that amplitudes are suspect, but phases generally blend smoothly with 
MF/Meteor radar data at their lower altitude limit. Model phases agree 
quite well with MF/Meteor data, except for the Townsville zonal phase 
which differs significantly from its northern hemisphere counterparts 
(Figs. 9d, 9e, and 9f). 

Semidiurnal amplitudes increase strongly into the lower thermosphere 
according to IS data, but not as strongly in meteor radar data (Figs 
lOe, lOf, lie, and Ilf). 

Amplitudes from the Forbes and Vial [1989] model are generally the 
same order of magnitude as the data and HWM93 model and with similar 
phase patterns overall. 
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4.3 Annual -Diurnal Variations 

The annual variation of the diurnal amplitudes and phases of the 
meridional and zonal wind is illustrated for three latitudes in Fig. 12 
corresponding to the locations of the Saskatoon, Arecibo, and 
Christchurch radars. In the upper mesosphere, the meridional amplitude 
tends to maximize in the summer. The zonal seasonal variation is weaker 
and less clear. Some stations also had significant semiannual 
variations but consistency with other stations was not always good. 

Data comparison plots are shown in Figs. 13 and 14. The broad 
seasonal trends in amplitude and phase at high latitudes were captured 
fairly well except for the meridional phase at Mawson (Fig. 13a). At 
mid-latitudes the several radar stations were somewhat diverse in 
measured phases (Figs. 13e and 14e) and helped reduce the model 
amplitude relative to measured zonal amplitudes (Figs. 14b and 14e) . 
Asymmetries such as the higher amplitudes at Adelaide compared to Kyoto 
[Vincent et al. , 1988] are captured better in the meridional (Figs. 13b 
and 13e) than the zonal (Figs. 14b and 14e) component. It is apparent 
that hemispherical asymmetries have a more complicated latitude 
dependence than assumed here. The strong annual variation in meridional 
amplitude at Christmas Island (Fig. 13d) without accompanying phase 
changes or zonal changes could not be captured by the limited harmonic 
model . 

4.4 Annual-Semidiurnal Variations 

The annual variation of the semidiurnal amplitudes and phases of the 
meridional and zonal wind is illustrated for three latitudes in Fig. 15. 
Semiannual trends in amplitude are more noticeable than annual trends, 
particularly in the southern hemisphere. However, vertical wavelengths 
in the mesosphere are shorter in winter than summer as discussed by 
Manson et al. [1989]. 

Data comparison plots are shown in Figs. 16 and 17 and include also 
the Forbes and Vial [1989] model. The annual trends in amplitude and 
phase at middle to high latitudes were captured fairly well. Phases 
have a more noticeable annual variation than amplitudes, while 
amplitudes have a more semiannual character. The FV89 model is 
generally similar but with a larger seasonal variation in the lower 
thermosphere. The situation is similar at mid-latitudes, but again the 
greater diversity of measurement phases lead to somewhat smaller 
modelled amplitudes. Neither HWM93 nor FV89 does particularly well with 
the Christchurch and Adelaide meridional phases (Fig. 16b). 

Christchurch amplitudes are generally higher than the model and data 
from Adelaide (Figs. 16b and 17b), but data over several years reported 
by Fraser [1990] indicates that the data used here from 1979 may be 
unusually high. The trends at Christmas Island (Figs. 16d and 17d) were 
captured better than for the diurnal tide. The FV89 zonal phase appears 
to be systematically offset from HWM93 at low latitudes (Fig. 17d) . 
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5 . Summary 

MF radar and meteor radar, combined with rocket soundings and 
incoherent scatter radar, have been used to extend the tidal components 
of the HWM90 spherical harmonic wind model into the mesosphere and upper 
stratosphere. While month to month details cannot be completely 
represented, data are fit with an overall rms error of approximately 5 
to 10 m/s. Comparison with rocket and radar data indicates that the 
model represents current knowledge of the climatological average tidal 
components reasonably well. 
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TABLE 1. Wind Data Summary 


Station 

Wind 

Component 

Lat i tude 

Longi tude 

Years 

Plot 

Altitude Sym 

Reference 

Incoherent Scatter 








El SCAT 

M*Z 

69. 6N 

19. 2E 

85-87 

100-120 

B 

Virdi and Williams, 1989] 3 

Chatani ka 

M&Z 

65. IN 

147. 4W 

76-82 

90-130 

1 

‘Johnson et al.* 1987]* 5 

St. Sant in 

M 

44. 6N 

2.2E 

73-85 

90-170 

5 

Bernard, 1974]' 3 

Mi 1 Istone 

UkZ 

42. 5N 

71. 5W 

76-77 

105-135 

3 

'Wand, 1983]' , 

Arecibo 

M 

18. 3N 

66. 8W 

74-77 

100-170 

6 

[Harper et al.. 1976]^ 

Areci bo 

Z 



74-75 

100-130 

6 

[Harper, 1977] 1 

MF radar, monthly averages 







Tromso 

M&Z 

70. N 

20. E 

87-89 

67-112 

M 

Manson k Meek, 1991 

Saskatoon 

UkZ 

52. N 

107. W 

85 

61-111 

F 

Manson et al., 1989J* 

Urbana 

M*Z 

40. N 

88. W 

91-92 

66-111 

T 

Franke k Thorsen, 19931;: 

Townsvl 1 1 e 

UkZ 

20. S 

147. E 

78-80 

70-100 

K 

Vincent and Ball, 1981]* 

Adelaide 

UkZ 

35. S 

138. E 

84-86 

70-100 

J 

Vincent et al., 1988]* 0 

Christchurch 

M*Z 

44. S 

173. E 

79 

65-102 

I 

Fraser, 1990; Manson et aL. 1989]* 

Mawson 

M4Z 

67. 6S 

62. 9E 

84-86 

76-108 

0 

[MacLeod and Vincent, 1985]* 

Meteor radar, monthly averages 







Poker Flat 

UkZ 

65. N 

147. W 

83-84 

75-106 

W 1 

Avery et al . , 1983] 2 * 

Garchy 

Z 

47. N 

3. E 

79 

78-102 

+ 1 

Massebeuf et al., 1979; Manson et al., 1989]* 

Monpazier 

z 

44. N 

1. E 

79-80 

76-104 

L 

Bernard et al., 1981; Manson et al., 1989]* 

Durham 

UkZ 

43. N 

71. W 

78-84 

77-110 

V | 

Clark, 1983; Manson et al., 1989]* 

Kyoto 

UkZ 

35. N 

136. E 

83-84 

82-106 

G 

Tsuda et a 1 . , 1987]* 1 
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20- 75 

C 
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Wind component is M, Z, or MJeZ for meridional, zonal, or both. 
' Data from published tabulations or plots. 

2 Data from MLT radar database 

3 Data from other original database 


Table 2a. 


Maximum B Field Spherical Harmonic Order (n) 


Term 


B field parameter (node altitude) 
m 100 90 82 75 67 60 52 45 37 30 22 15 7 


grad 
0 100 


Symmetrical 

Diurnal 

Semidiurnal 


1 

2 


5 5 5 5 

4 4 4 4 


3 3 3 3 - - - 

4 4 4 4 --- 


Asymmetrical 
Diurnal 1 

Diurnal-annual 1 
Semidiurnal 2 

Semidiurnal- 2 
annual 

Semidiurnal- 2 
semiannua I 


2 2 2 2 

2 2 2 2 

3 3 3 - 

3 3 3 3 

3 3 3 - 


Table 2b. Maximum C Field Spherical Harmonic Order (n) 


3 

4 


Term 


C field parameter (node altitude) 
m 100 90 82 75 67 60 52 45 37 30 22 15 7 


grad 
0 100 


Symmetrical 
Diurnal 1 

Semidiurnal 2 


6 6 6 6 

5 5 5 5 


4444------ 

5555------ 


Asymmet ri ca I 
Diurnal 1 

Diurnal-annual 1 
Semidiurnal 2 

Semidiurnal- 2 
annua I 

Semidiurnal- 2 
semiannual 


1111 
1111 
2 2 2 - 

2 2 2 2 

2 2 2 - 


4 

5 
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TABLE 3a. RMS Zonal Wind Differences from HWM93 


Data Set 

45- 

60 km 

1 1 
1 o 

1 CO 
1 
1 

CO 1 
O 1 

s i 

90-120 km 

rms 

pts 

rms 

pts 

rms 

pts 

Datasonde 

7 

2152 

13 

1694 



Falling Sphere 

11 

701 

13 

1336 

32 

135 

Grenade 

16 

474 

18 

973 

55 

146 

MF radar diurnal 



5 

918 

6 

1163 

MF radar semidiurnal 



5 

907 

7 

1159 

Meteor radar diurnal 



7 

776 

7 

880 

Meteor radar semidiurnal 



7 

774 

8 

881 

IS radar 





47 

1329 


TABLE 3b. RMS Meridional Wind Differences from HWM92 


Data Set 

45- 

60 km 

60- 

90 km 

90-120 km 

rms 

pts 

rms 

pts 

rms 

pts 

Datasonde 

4 

2152 

9 

1684 



Falling Sphere 

5 

701 

9 

1368 

27 

138 

Grenade 

11 

474 

16 

973 

50 

147 

MF radar diurnal 



6 

894 

6 

1133 

MF radar semidiurnal 



6 

923 

7 

1175 

Meteor radar diurnal 



10 

453 

10 

542 

Meteor radar semidiurnal 



8 

435 

11 

542 

IS radar 





34 

2064 


Here rms is root mean square difference between data and model, pts is 
number of sample points, MF is medium frequency, and IS is incoherent 
scatter . 


13 



Figures 


14 



ALTITUDE <kn) ALTITUDE Cka) 



LATITUDE 




Fig. l. Contour plots in altitude versus latitude of the seasonal average diurnal wind 
amplitude and phase (negative phase dashed) for zonal wind (upper panels) and 
meridional wind (lower panels). Phase indicates local time of maximum eastward or 
northward wind respectively. 
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Fig. 2a. Seasonal average diurnal meridional wind amplitude and phase versus latitude 
for 35 to 45 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row 
of plots contain HF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 2b. Seasonal average diurnal meridional wind amplitude and phase versus latitude 
for 55 to 65 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row 
of plots contain HF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 2c. Seasonal average diurnal meridional wind amplitude and phase versus latitude 
for 65 to 75 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row 
of plots contain MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 2d. Seasonal average diurnal meridional wind amplitude and phase versus latitude 
for 75 to 85 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row 
of plots contain MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 2e. Seasonal average diurnal meridional wind amplitude and phase versus latitude 
for 85 to 95 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row 
of plots contain HF/Heteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 2f. Seasonal average diurnal meridional wind amplitude and phase versus latitude 
for 95 to 105 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row 
of plots contain MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 3a. Seasonal average diurnal zonal wind amplitude and phase versus latitude for 
35 to 45 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row of 
plots contain MF/Heteor radar data with plot symbols indicated in Table 1. Bottom row 
contains rocketsonde and IS radar data combined (*). 
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Fig. 3b. Seasonal average diurnal zonal wind amplitude and phase versus latitude for 
55 to 65 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row of 
plots contain MF/Meteor radar data with plot symbols indicated in Table 1. Bottom row 
contains rocketsonde and IS radar data combined (*). 











LATITUDE LATITUDE 


Fig. 3c. Seasonal average diurnal zonal wind amplitude and phase versus latitude for 
65 to 75 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row of 
plots contain MF/Meteor radar data with plot symbols indicated in Table 1. Bottom row 
contains rocketsonde and IS radar data combined (*). 
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Fig. 3d. Seasonal average diurnal zonal wind amplitude and phase versus latitude for 
75 to 85 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row of 
plots contain MF/Meteor radar data with plot symbols indicated in Table 1. Bottom row 
contains rocketsonde and IS radar data combined (*). 
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Fig. 3e. Seasonal average diurnal zonal wind amplitude and phase versus latitude for 
85 to 95 km. The HWM93 wind (solid line) shown for mid-range conditions. Top row of 
plots contain MF/Meteor radar data with plot symbols indicated in Table 1. Bottom row 
contains rocketsonde and IS radar data combined (*). 











Fig. 3f. Seasonal average diurnal zonal wind amplitude and phase versus latitude for 
95 to 105 km. The HVM93 wind (solid line) shown for mid-range conditions. Top row of 
plots contain HF/Meteor radar data with plot symbols indicated in Table 1. Bottom row 
contains rocketsonde and IS radar data combined (*). 
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Fig. 4a. Seasonal average diurnal meridional wind amplitude and phase 
versus altitude for southern high latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Top row of plots contain 
MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 4b. Seasonal average diurnal meridional wind amplitude and phase 
versus altitude for southern middle latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Top row of plots contain 
MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 








Fig. 4c . Seasonal average diurnal meridional wind amplitude and phase 
versus altitude for southern low latitudes. The HWM9S wind (solid 
line) shown for mid-range conditions. Top row of plots contain 
HF/Heteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 4d. Seasonal average diurnal meridional wind amplitude and phase 
versus altitude for norther low latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Top row of plots contain 
MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 4e. Seasonal average diurnal meridional wind amplitude and phase 
versus altitude for northern middle latitudes. The HWM93 wind (solid 
line; shown for mid-range conditions. Top row of plots contain 
MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocket sonde and IS radar data combined ( *) . 
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Fig. 4f. Seasonal average diurnal meridional wind amplitude and phase 
versus altitude for northern high latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Top row of plots contain 
MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 5c. Seasonal average diurnal zonal wind amplitude and phase 
versus latitude for southern low latitudes. The HWM93 wind t solid 
line) shown for mid-range conditions. Top row of plots contain 
MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Pig. 5d. Seasonal average diurnal zonal wind amplitude and phase 
versus latitude for northern low latitudes. The HWM93 wind T solid 
line) shown for mid-range conditions. Top row of plots contain 
MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Fig. 5e. Seasonal average diurnal zonal wind amplitude and phase 
versus latitude for northern middle latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Top row of plots contain 
HF/Heteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rocketsonde and IS radar data combined (*). 
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Pig. 5f . Seasonal average diurnal zonal wind amplitude and phase 
versus latitude for northern high latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Top row of plots contain 
MF/Meteor radar data with plot symbols indicated in Table 1. Bottom 
row contains rochetsonde and IS radar data combined (*). 
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Pig. 6a. Meridional and zonal wind versus local time for selected 
altitude regions at southern low latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Plot symbols indicated in Table 1. 
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Fig. 6b. Meridional and zonal wind versus local time for selected 
altitude regions at northern low latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Plot symbols indicated in Table 1 
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Fig. 6c. Meridional and zonal wind versus local time for selected 
altitude regions at northern middle latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Plot symbols indicated in Table 1. 
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Fig. 6d. Meridional and zonal wind versus local time for selected 
altitude regions at northern high latitudes. The HWM93 wind (solid 
line) shown for mid-range conditions. Plot symbols indicated in Table 1 
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Fig. 7. Contour plots in altitude versus latitude of the seasonal average semidiurnal 
wind amplitude and phase (negative phase dashed) for zonal wind (upper panels) and 
meridional wind (lower panels). 
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Fig: Seasonal average semidiurnal meridional wind amplitude and phase versus 

latitude for 35 to 45 km. The HWM93 wind (solid line) ana FV89 (dashed) shown for 
mid-range conditions. Top row of plots contain MF/Meteor radar data with plot symbols 
indicated in Table 1. Bottom row contains rocketsonde and IS radar data combined (*). 
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Fig. 8b. Seasonal average semidiurnal meridional wind amplitude and phase versus 
latitude for 55 to 65 km. The HWM93 wind (solid line) and FV89 (dashed) shown for 
mid-range conditions. Top row of plots contain MF/Meteor radar data with plot symbols 
indicated in Table 1. Bottom row contains rocketsonde and IS radar data combined (*). 









-F^ 



®2* Seasonal avera £© semidiurnal meridional wind amplitude and phase versus 
latitude for 65 to 75 km. The HWM93 wind (solid line) anS FV89 (dashed) shown for 


mid-range conditions, 
indicated in Table 1. 


Top row of plots contain MF/Meteor radar data with plot symbols 
Bottom row contains rocketsonde and IS radar data combined (*). 
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Pig. 8d. Seasonal average semidiurnal meridional wind amplitude and phase versus 
latitude for 75 to 85 km. The HWM93 wind (solid line) and FV89 (dashed) shown for 
mid-range conditions. Top row of plots contain MF/Meteor radar data with plot symbols 
indicated in Table 1. Bottom row contains rocketsonde and IS radar data combined (*). 
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Fig. 8e. Seasonal average semidiurnal meridional wind amplitude and phase versus 
latitude for 85 to 95 km. The HWM93 wind (solid line) and FV89 (dashed) shown for 
mid-range conditions. Top row of plots contain MF/Meteor radar data with plot symbols 
indicated in Table 1. Bottom row contains rocket sonde and IS radar data combined (*). 
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Fig . 8f . Seasonal average semidiurnal meridional wind amplitude and phase versus 
latitude for 95 to 105 km. The HWM93 wind (solid line) and FV89 (dashed) shown for 
mid-range conditions. Top row of plots contain HF/Meteor radar data with plot symbols 
indicated in Table 1. Bottom row contains rocket sonde and IS radar data combined (*). 
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Fig. 9a. Seasonal average semidiurnal zonal wind amplitude and phase versus latitude 
for 35 to 45 km. The HWM93 wind (solid line) and FV89 (dashed) shown for mid-range 
conditions. Top row of plots contain MF/Heteor radar data with plot symbols as 
indicated in Table 1. Bottom row contains rocketsonde and IS radar data combined (. ) 
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Fig. 9b. Seasonal average semidiurnal zonal wind amplitude and phase versus latitude 
for 55 to 65 km. The HWM93 wind (solid line) and FV89 (dashed) shown for mid-range 
conditions. Top row of plots contain HF/Heteor radar data with plot symbols as 
indicated in Table 1. Bottom row contains rocket sonde and IS radar data combined (*) 
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Fig. 9o. Seasonal average semidiurnal zonal wind amplitude and phase versus latitu 
for 65 to 75 km. The HWM93 wind (solid line) and FV89 (dashed) shown for mid-range 
conditions. Top row of plots contain MF/Meteor radar data with plot s^i« 
indicated in Table 1. Bottom row contains rocket.sonde and IS radar da 


plots contain MF/Meteor radar data with plot symbols as 
Bottom row contains rocketsonde and IS radar data combined 
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Fig. 9d. Seasonal average semidiurnal zonal wind amplitude and phase versus latitude 
for 75 to 85 km. The HWM93 wind (solid line) and FV89 (dashed) shown for mid-range 
conditions. Top row of plots contain MF/Meteor radar data with plot symbols as 
indicated in Table 1. Bottom row contains rocketsonde and IS radar data combined (*). 






ZONAL WIND ( b/s e c ) ZONAL WIND (*/sec) 


Semidiurnal Amplitude 
SL Average 
85 - 95 km 


Semi d 1 urna 1 Phase 


l--> 


TMFTfTTr 


LATITUDE 


LATITUDE 


LATITUDE 



LATITUDE 


Fig. 9e. Seasonal average semidiurnal zonal wind amplitude and phase versus latitude 
for 85 to 95 km. The HWM93 wind (solid line) and FV89 (dashed) shown for mid-range 
conditions. Top row of plots contain MF/Meteor radar data with plot symbols as 
indicated in Table 1. Bottom row contains rocket sonde and IS radar data combined (*) 
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Pig. 9f. Seasonal average semidiurnal zonal wind amplitude and phase versus latitude 
for 95 to 105 km. The HWM93 wind (solid line) and Fy 89 (dashed) shown for mid-range 
conditions. Top row of plots contain MF/Meteor radar data with plot symbols as 
indicated in Table 1. Bottom row contains rocketsonde and IS radar data combined (*). 
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Pig. 10a. Seasonal average semidiurnal meridional wind amplitude and 
phase versus altitude for southern high latitudes. The HWM93 wind 
(solid line) and PV89 (dashed) shown for mid-range conditions. Top row 
of plots contain MF/Meteor radar data with, symbols Indicated in Table 
1. bottom row contains rocketsonde and IS radar data combined (*). 
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Fig. 10b. Seasonal average semidiurnal meridional wind amplitude and 
phase versus altitude for southern middle latitudes. The HWM93 wind 
'•f 01 , and FV89 (dashed) shown for mid-range conditions. Top ro 
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?* E 1 ?? 8 con " ta, in MF/Meteor radar data with symbols indicated in Table 
1. Bottom row contains rochetsonde and IS raaar data combined (*). 
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Fig. 10c* Seasonal average semidiurnal meridional wind amplitude and 
phase versus altitude for southern low latitudes. The HWM93 wind 
(solid line) and FV89 (dashed) shown for mid-range conditions. Top row 
of plots contain MF/Meteor radar data with symbols indicated in Table 
1. Bottom row contains rocketsonde and IS radar data combined (*). 
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Fig. lOd. Seasonal average semidiurnal meridional wind amplitude and 
phase versus altitude for northern low latitudes. The HWM93 wind 
(solid line) and FV89 (dashed) shown for mid-range conditions. Top row 
of plots contain MF/Meteor radar data with symbols indicated in Table 
1. Bottom row contains rocketsonde and IS radar data combined (*). 
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Fig. 10e. Seasonal average semidiurnal meridional wind amplitude and 
phase versus altitude for northern middle latitudes. The HWM93 wind 
tsolid line) and FV89 (dashed) shown for mid-range conditions. Top row 
of plots oontain MF/Meteor radar data with symbols indicated in Table 
1. Bottom row oontains rooketsonde and IS radar data combined (*). 
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Fig. lOf. Seasonal average semidiurnal meridional wind amplitude and 
phase versus altitude for norhtern high latitudes. The HWM93 wind 
{solid line) and FV89 (dashed) shown for mid-range conditions. Top row 
of plots contain MF/Meteor radar data with indicated in Table 1. 

Bottom row contains rochetsonde and IS radar data combined (*). 
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Fig. 11a. Seasonal average semidiurnal zonal wind amplitude and phase 
versus latitude for southern high latitudes. The HWM93 wind (solid 
line) and FV89 (dashed) shown for mid-range conditions. Top row of 
plots contain MF/Meteor radar data with symbols indicated in Table 1. 
Bottom row contains rocketsonde and IS radar data combined (*). 
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Fig. lib. Seasonal average semidiurnal zonal wind amplitude and phase 
versus latitude for southern middle latitudes. The HwM93 wind (solid 
line) and FV89 (dashed) shown for mid-range conditions. Top row of 

S lots contain MF/Meteor radar data with symbols indicated in Table 1. 
ottom row contains rocketsonde and IS radar data combined (*). 
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Pig. lie. Seasonal average semidiurnal zonal wind amplitude and phase 
versus latitude for southern low latitudes. The HWM9o wind (solid, 
line) and FV89 (dashed) shown for mid-range conditions. Top row of 

S lots contain MF/Meteor radar data with symbols indicated in Table 1 . 
ottom row contains rooketsonde and IS radar data combined (*). 
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Fig. lid. Seasonal average semidiurnal zonal wind amplitude and phase 
versus latitude for northern low latitudes. The HWM93 wind (solid 
line) and FV89 (dashed) shown for mid-range conditions. Top row of 

S lots contain HF/Meteor radar data with symbols indicated in Table 1. 
ottom row contains rocketsonde and IS radar data combined (*). 
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Fig. lie. Seasonal average semidiurnal zonal wind amplitude and phase 
versus latitude for northern middle latitudes. The HWM93 wind (solid 
line) and FV89 (dashed) shown for mid-range conditions. Top row of 

S lots contain MF/Meteor radar data with symbols indicated in Table 1. 
ottom row contains roctetsonde and IS radar data combined (*). 
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Fig. Ilf. Seasonal average semidiurnal zonal wind amplitude and phase 
versus latitude for northern high latitudes. The HWM93 wind (solid 
line) and FV89 (dashed) shown for mid-range conditions. Top row of 
plots contain MF/Meteor radar data with symbols indicated in Table 1. 
Bottom row contains rocketsonde and IS radar data combined (*). 
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Pig. 13a. Diurnal meridional wind amplitude and phase versus day of 
year for selected altitudes at southern high latitudes. The HWM93 
model (solid line) shown for mid_range conditions. Plot symbols 
indicate source as given in Table 1. 
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Fig. 12a. Contour plots in altitude versus day of year of the diurnal amplitude 
phase (dashed negative) of the zonal and meridional wind at 52N latitude. 
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Fig. 12b. Contour plots In altitude versus day of year of the diurnal amplitude and 
phase (dashed negative) of the zonal and meridional wind at 18 N latitude. 
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Fig. 12c. Contour plots in altitude versus day of year of the diurnal amplitude n-nrt 
phase (dashed negative) of the zonal and meridional wind at 44S latitude. 
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Fig. 13b. Diurnal meridional wind amplitude and phase versus day of 
year for selected altitudes at southern middle latitudes. The HwM93 
model (solid line) shown for mid_range conditions. Plot symbols 
indioate source as given in Table 1. 
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Fig. 13c. Diurnal meridional wind amplitude and phase versus day of 
year for selected altitudes at southern low latitudes. The HWM93 
model (solid line) shown for mid_range conditions. Plot symbols 
indicate source as given in Table 1. 
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Pig. 13d. Diurnal meridional wind amplitude and phase versus day of 
year for selected altitudes at northern low latitudes. The HWM93 
model (solid line) shown for mid_range conditions. Plot symbols 
indicate source as given in Table 1. 
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Pig. 13e. Diurnal meridional wind amplitude and phase versus day of 
year for selected altitudes at northern middle latitudes. The HWM93 
model (solid line) shown for mid_range conditions. Plot symbols 
indicate source as given in Table 1. 
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Pig. 13f. Diurnal meridional wind amplitude and phase versus day of 
year for selected altitudes at northern high latitudes . The HWM93 
model (solid line) shown for mid_range conditions. Plot symbols 
indicate source as given in Table 1. 
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Fig. 14a. Diurnal zonal wind amplitude and phase versus day of year 
for selected altitudes at southern high latitudes. The HWM93 model 
(solid line) shown for mld_range conditions. Plot symbols indicate 
source as given in Table 1. 
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Fig. 14b. Diurnal zonal wind amplitude and phase versus day of year 
for selected altitudes at southern middle latitudes. The HWM93 model 
(solid line) shown for mid_range conditions. Plot symbols indicate 
source as given in Table 1. 
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Pig. 14o. Diurnal zonal wind amplitude and phase versus day of year 
for selected altitudes at southern low latitudes. The HWM93 model 
(solid line) shown for mid_range conditions. Plot symbols indicate 
source as given in Table 1. 
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Fig. 14d. Diurnal zonal wind amplitude and phase versus day of year 
for selected altitudes at northern low latitudes. The HWM9o model 
(solid line) shown for mid_range conditions. Plot symbols indicate 
source as given in Table 1. 
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Fig. 14e. Diurnal zonal wind amplitude and phase versus day of year 
for selected altitudes at northern middle latitudes. The HWM93 model 
(solid line) shown for mid_range conditions. Plot symbols indicate 
source as given in Table 1. 
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Fig. I4f. Diurnal zonal wind amplitude and phase versus day of year 
for selected altitudes at northern high latitudes. The HWM93 model 
(solid line) shown for mld_range conditions. Plot symbols indicate 
source as given in Table 1. 
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Pig. 15a. Contour plots in altitude versus day of year of the semidiurnal amplitude 
ana phase (dashed negative) of the zonal and meridional wind at 52N latitude. 
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Fig. 15b. Contour plots in altitude versus day of year of the semidiurnal amplitude 
and phase (dashed negative) of the zonal and meridional wind at 18N latitude. 
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Pig. 15c. Contour plots in altitude versus day of year of the semidiurnal amplitude 
ana phase (dashed negative) of the zonal and meridional wind at 44S latitude. 
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Fig. 16a. Semidiurnal meridional wind amplitude and phase versus day 
of year for selected altitudes at southern high latitudes. The HWM93 
model (solid line) and FV89 (dashed) shown for mid_range conditions. 
Plot symbols indicate source as given in Table 1. 
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Fig. 16b. Semidiurnal meridional wind amplitude and phase versus day 
of year for selected altitudes at southern middle latitudes. The 
HWM93 model (solid line) and FV89 (dashed) shown for mid_range 
conditions. Plot symbols indicate source as given in Table 1. 
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Fig. 16c. Semidiurnal meridional wind amplitude and phase versus day 
of year for seleoted altitudes at southern low latitudes. The HWM93 
model (solid line) and FV89 (dashed) shown for mid_range conditions. 
Plot symbols indicate source as given in Table 1 . 
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Fig. 16d. Semidiurnal meridional wind amplitude and phase versus day 
of year for selected altitudes at northern low latitudes. The HWM93 
model (solid line) and FV89 (dashed) shown for mid_range conditions. 
Plot symbols indicate source as given in Table 1. 
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Fig. 16e. Semidiurnal meridional wind amplitude and phase versus day 
of year for selected altitudes at northern middle latitudes. The 
HWM93 model (solid line) and FV89 (dashed) shown for mid_range 
conditions. Plot symbols indicate source as given in Table 1. 
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Fig. 16f . Semidiurnal meridional wind amplitude and phase versus day 
of year for selected altitudes at northern high latitudes. The HWM9o 
model (solid line) and FV89 (dashed) shown for mid_range conditions. 
Plot symbols indicate source as given in Table 1. 
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Fig. 17a. Semidiurnal zonal wind amplitude and phase versus day 
of year for seleoted altitudes at southern high latitudes. The HWM93 
model (solid line) and FV89 (dashed) shown for mid_range conditions. 
Plot symbols indicate source as given in Table 1. 
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Fig. 17b. Semidiurnal zonal wind amplitude and phase versus day 
of year for selected altitudes at southern middle latitudes. The 
HWM93 model (solid line) and FV89 (dashed) shown for mid_range 
conditions. Plot symbols indicate source as given in Table 1. 
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Fig. 17c. Semidiurnal zonal wind amplitude and phase versus day 
of year for selected altitudes at southern low latitudes. The HWM93 
model (solid line) and FV89 (dashed) shown for mid_range conditions. 
Plot symbols indicate source as given in Table 1. 
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Pig. 17d. Semidiurnal zonal wind amplitude and phase versus day 
of year for selected altitudes at northern low latitudes. The HWM93 
model (solid line) and FV89 (dashed) shown for mid_range conditions. 
Plot symbols indicate source as given in Table 1. 
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Fig. 17e. Semidiurnal zonal wind amplitude and phase versus day 
of year for selected altitudes at northern middle latitudes. The 
HVM93 model (solid line) and FV89 (dashed) shown for mid_range 
conditions. Plot symbols indicate source as given in Table 1. 
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Pig. 17f. Semidiurnal zonal wind amplitude and phase versus day 
of year for selected altitudes at northern high latitudes. The HWM93 
model (solid line) and PV89 (dashed) shown for mid_range conditions. 
Plot symbols indicate source as given in Table 1. 
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